Dynamics in solid-state systems are governed by many-body interactions that are inherently tied to the high density of electrons and ions. For most elementary excitations, however, Coulomb (i.e., elastic) scattering leads to dephasing within a few to a fewhundreds of femtoseconds. Coherent quantum control (the precise manipulation of the phases of quantum states) is therefore usually considered to be a daunting challenge in many-body systems.
Dynamics in solid-state systems are governed by many-body interactions that are inherently tied to the high density of electrons and ions. For most elementary excitations, however, Coulomb (i.e., elastic) scattering leads to dephasing within a few to a fewhundreds of femtoseconds. Coherent quantum control (the precise manipulation of the phases of quantum states) is therefore usually considered to be a daunting challenge in many-body systems.
In 1961, however, Walter Kohn found that the cyclotron resonance (CR) of Landau electrons (i.e., the harmonic motion of electrons in a magnetic field) is immune to electron-electron Coulomb interactions. Kohn's theorem thus shows that the CR is one of the most robust manifestations of the quantum harmonic oscillator, and excludes the possibility of any nonlinear lightmatter interactions. 1 Although the CR has given rise to a number of sophisticated quantum phenomena, such as ultrastrong light-matter coupling, 2 superradiance, 3 coherent control, 4 and superfluorescence, 5 the complete absence of nonlinearities suggests that many intriguing possibilities (e.g., quantum logic operations) are excluded.
In this work, 6 we show how strong terahertz (THz) pulses can be used to create non-perturbative THz excitations of a magnetically biased, 2D electron gas (2DEG). The pulses induce strong, coherent nonlinearities and facilitate coherent quantum control of multiple Landau levels, leading to population inversion. In our approach, the 2DEG is contained within two 30nm-wide gallium arsenide quantum wells (each n-doped at 1.6 10 11 cm 2 ) 
), as a function of the electro-optic sampling (EOS) delay time (t). (b) The decay constant ( c ) that is extracted from the data in (a), as a function of the initial field (E 0 ). The Landau-level population, for fields of 4.3 and 8.7kVcm 1 (blue and red bars, respectively), is shown in the inset. f: Population density.h! LO : Longitudinal optical phonon energy.
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and is biased with a perpendicular magnetic field of 3.5T. These conditions provide a filling factor of 0.95 and a CR frequency ( c ) of 1.45THz.
In our experiments, strong linearly polarized THz transientswhich are incident perpendicular to the sample-cause the excitation of a coherent polarization. We monitor this polarization by examining the orthogonal polarization component of the reradiated field, as illustrated in Figure 1(a) . For weak THz transients with an amplitude of 0.7kVcm 1 (black curve), we observe longlived coherent oscillations. When we increase the field up to 8.7kVcm 1 (red curve), however, we find that the coherence is strongly diminished. By fitting an exponentially decaying sinusoidal function to the data, we extract the 1=e decay constant ( c ) and find-see Figure 1 (b)-that there is an abrupt drop in the coherence at about 3kVcm 1 . We use a microscopic many-body theory to calculate the dynamics of the electrons. In this way, we retrieve the Landau-level population as a function of THz amplitude-blue and red bars in the inset of Figure 1 (b)-which reveals that interactions with longitudinal optical phonons lead to the sharp drop of coherence. Furthermore, our theory shows that the population climbs up to the 6th Landau level and that population inversion is achieved.
Figure 2. (a) and (b) The nonlinear THz polarization response, E nl .t; /, for two representative field amplitudes (E A ) of pulse A. Example wavefronts that represent a pump-probe (black line) and a fourwave mixing process (red line) are indicated in (a). (c) and (d) Fourier transformation of the data from (a) and (b), as a function of the frequencies t and . The pump-probe (PP), four-wave mixing (4WM), and six-wave mixing (6WM) signatures are circled.
To systematically test whether coherent nonlinear control of massively many-body Landau states is possible, we perform 2D, phase-resolved THz spectroscopy. To this end, we use a strong, single-cycle THz pulse (A) to create a highly excited coherent state, and a weak pulse (B) to probe the quantum state of the CR. We then measure the coherent polarization dynamics as a function of the electro-optic sampling time (t ) of B, as well as the relative delay ( ) between the pulses. If Kohn's theorem applies, the correlated nonlinear polarization response (E nl )-i.e., representing the interactions between A and B-should be zero, as verified for small amplitudes of the electric field (E A ). 6 However, strong coherent modulations in E nl occur at multiples of 1 c along both time axes (i.e., and t) even for moderate values of E A -see Figure 2 (a) and (b)-of 1.4 and 4.3kVcm 1 . These wavefronts in the time domain are linked to distinct features in the frequency domain that represent the pump-probe, as well as four-and six-wave mixing processes. Furthermore, the relative amplitudes of the off-diagonal pump-probe and four-wave mixing signals are evidence of the non-perturbative scaling exhibited by the surprisingly strong nonlinearities. 6 Our microscopic theory allows us to assess the relative contributions of the nonlinearities by making a 'switch-off' analysis. 6 The results of this analysis reveal that band-structure effects are initially dominant (at E A of 1.4kVcm 1 ), but are overruled by much stronger, many-body interactions between electrons and dopant ions that occur as E A increases. These Coulomb effects thus dynamically gain strength with increasing E A and induce a range of fully coherent nonlinearities. It is such nonlinearities that are responsible for the non-perturbative four-and six-wave mixing signals in this setting (i.e., beyond the realm of Kohn's theorem).
In summary, we have demonstrated that strong terahertz pulses can be used to create strong, coherent nonlinearities in Landau systems that are suitable for THz quantum control. Our results show that the cyclotron resonance is a promising candidate for quantum control at THz clock rates as it provides both the long-lived coherence and nonlinearities that are required for switching operations. In more general terms, Coulomb correlations are used to examine the internal degrees of freedom of many-body quantum systems. Our work suggests that the role of massive many-body interactions (usually considered as detrimental to quantum control) will have to be reassessed. Currently, we are investigating coherent quantum control of Landau electrons in non-polar semiconductors, in which an even larger number of Landau levels may contribute to the nonlinearity before phonon interactions become relevant.
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